Objective-Arterial-venous specification in the embryo has been assumed to depend on the influence of fluid mechanical forces, but its cellular and molecular mechanisms are still poorly understood. Our previous in vitro study revealed that fluid shear stress induces endothelial cell (EC) differentiation by murine embryonic stem (ES) cells. In the present study we investigated whether shear stress regulates the arterial-venous specification of ES-cell-derived ECs. Methods and Results-When murine ES cell-derived VEGFR2 ϩ cells were exposed to shear stress, expression of the arterial EC marker protein ephrinB2 increased dose-dependently. The ephrinB2 mRNA levels also increased in response to shear stress, whereas the mRNA levels of the venous EC marker EphB4 decreased. Notch cleavage and translocation of the Notch intracellular domain (NICD) into the nucleus occurred as early as 30 minutes after the start of shear stress and increased with time. Gamma-Secretase inhibitors (DAPT and L685 458) and the recombinant extracellular domain of the Notch ligand DLL4 abolished the shear stress-induced NICD translocation, and that, in turn, blocked the shear stress-induced upregulation of ephrinB2 expression. In addition, the VEGF receptor kinase inhibitor SU1498 was found to suppress both the shear-stress-induced Notch cleavage and up-regulation of ephrinB2 expression.
W hether a blood vessel is called an artery or a vein depends on the direction of blood flow in the vessel in relation to the heart, and there are structural and functional differences between them. Recent studies have shown that arteries and veins can also be distinguished on the basis of the presence or absence of several molecules that are specifically expressed by the endothelial cells (ECs) of arteries or veins alone. For example, ephrinB2, an Eph family transmembrane ligand, marks arterial ECs, whereas EphB4, a receptor for ephrinB2, marks venous ECs. [1] [2] [3] The development of arteries and veins in the embryo has long been assumed to depend largely on the influence of physiological conditions in the environment, such as oxygenation, blood pressure, and shear stress. 4, 5 However, recent evidence suggests that the identity of ECs that line arteries and veins is established by genetic mechanisms before the onset of blood circulation. 1,6 -8 There is also evidence that despite expressing arterial or venous markers ECs remain plastic in regard to arterial-venous differentiation until late in embryonic development. 9 The cellular and molecular mechanisms governing the complex processes of arterial-venous differentiation are still poorly understood.
Notch signaling is well known to play a fundamental role in determining the fate of a variety of cell types. Four Notch receptors (Notch1-4) and 5 Notch ligands (Jagged1, 2, and Delta-like1, 3 and 4) have been identified in mice and humans. 10 When Notch is activated by ligands expressed on adjacent cells, the intracellular domain of the Notch receptor (NICD) is cleaved by ␥-secretase and translocates into the nucleus. [11] [12] [13] NICD interacts with the DNA-binding factor CSL (also known as RBP-Jk and CBF1), resulting in transactivation of various gene promoters, such as those of the HES and HEY families. 14 A variety of evidence suggests that Notch has an important role during embryonic vascular development [15] [16] [17] and functions in arterial-venous differentiation. 18, 19 During development of the zebrafish dorsal aorta, loss of Notch or the downstream Notch-target gene gridlock, a homologue of mammalian HES, leads to failure to express the arterial cell marker ephrinB2 and an increase in expression of the venous marker EphB4. Conversely, constitutive activation of Notch suppresses expression of the venous cell marker Flt4. Thus, it seems that Notch signaling promotes development of arteries and inhibits development of veins in the embryo. Sonic hedgehog (SHH) and vascular endothelial growth factor (VEGF) are known to act upstream of the Notch pathway, and a SHH-VEGF-Notch-ephrinB2 cascade is assumed to regulate arterial-venous specification. 20 It is generally known that many types of cells respond to mechanical forces in their environment. For example, vascular ECs respond to shear stress generated by flowing blood by undergoing changes in cell function and gene expression that play an important role in maintaining vascular homeostasis. 21 It has recently become apparent that mechanical forces affect organogenesis in the developing embryo. For example, blocking blood flow, and thereby reducing shear stress, has been found to result in heart defects in zebra fish, 22 and nodal flow has been shown to determine the left-right patterning of the mouse embryo. 23 Embryonic stem (ES) cell lines have been established from the inner cell mass of blastocysts and have the potential to differentiate into all cell lineages. Recently, VEGF receptor-2-positive (VEGFR2 ϩ ) cells purified from murine ES cells by flow cytometry sorting have been shown to be capable of being induced to differentiate into vascular cells. Addition of VEGF to VEGFR2 ϩ cells promotes endothelial differentiation, whereas adding platelet-derived growth factor induces differentiation into mural cells, including vascular smooth muscle cells and pericytes. 24 Our previous study demonstrated that ES cell-derived VEGFR2 ϩ cells are sensitive to mechanical forces: they differentiate into ECs when exposed to shear stress, 25 whereas they differentiate into vascular smooth muscle cells when exposed to cyclic strain. 26 However, it has remained unknown whether mechanical forces affect the arterial-venous differentiation of ES cell-derived ECs. To determine whether it does, we applied controlled levels of shear stress to murine ES cell-derived VEGFR2 ϩ cells in a flow-loading device and examined them for changes in expression of the arterial marker ephrinB2 and venous marker EphB4. We also investigated the role of Notch signaling in shear stress-mediated arterial-venous specification.
Materials and Methods

Cell Culture
MGZ5 ES cells (a gift from H. Niwa of Riken, CDB, Kobe, Japan) were initially maintained undifferentiated without a feeder layer on gelatin-coated tissue culture dishes in DMEM (IBL) containing 15% FBS (JRH), 10 3 U/mL LIF (ESGRO; Chemicon), 1ϫ nonessential amino acid (ICN), and 5ϫ10 Ϫ5 mol/L ␤-mercaptoethanol (Sigma), and subsequently maintained, differentiated, cultured, and sorted as described previously. 24 To initiate ES cell differentiation, trypsinized cells were plated on type-IV collagen-coated Petri dishes and cultured without LIF in ␣ MEM (Gibco) containing 10% FBS, 50 U/50 g/mL penicillin-streptomycin (ICN), and 5ϫ10 Ϫ5 mol/L ␤-mercaptoethanol. On day 4, VEGFR2 ϩ cells 24 that are known as common vascular progenitors were isolated by using antimouse VEGFR2 antibody (Clone Avas 12a1; Pharmingen) and standard immunomagnetic techniques (MACS; Miltenyi Biotech), and then plated in differentiation medium on type-IV collagen-coated coverslips. After culture for 3 days, flow-loading experiments were performed.
Shear Stress Experiments
Cells were exposed to laminar shear stress with a parallel plate-type device, as described previously. 27 The intensity of the wall shear stress (, dynes/cm 2 ) on the cell layer was calculated by the formula ϭ6Q/a 2 b, where is the viscosity of the perfusate (poise), Q is the flow volume (ml/s), and a and b are the cross-sectional dimensions of the flow path. The shear stress used in this study ranged from 1.5 dynes/cm 2 to 20.0 dynes/cm 2 ; all experiments were performed at 37°C in a CO 2 incubator.
Real-Time PCR Analysis
Total RNA samples were prepared from cells with ISOGEN (Nippon Gene, Tokyo, Japan), and first-strand cDNAs were generated by using Moloney murine leukemia virus reverse transcriptase (M-MLV RT, Roshe) and RNA primed with oligo dT-primer. After reverse transcription of the RNA into cDNA, real-time PCR with a Smart Cycler (Cepheid) was used to monitor gene expression according to the standard procedure. PCR was performed with a TaKaRa EX Taq R-PCR kit (Takara), as described previously, 26 and the primer pairs shown in Table. Immunohistochemistry Culture cells were immunostained as described previously. 26 The cleaved intracellular domain of Notch (NICD) was stained by using cleaved Notch1 antibody (Cell Signaling Technology) as the primary antibody and the TSA Biotin System (PerkinElmer). NICD was visualized by using Alexa Fluor 488-conjugated streptavidin (Invitrogen). Stained cells were photographed through a confocal laser microscope (SP2, Leica).
Western Blot Analysis
Western blot analysis was performed as described previously. 25 Briefly, cells were dissolved in RIPA buffer and centrifuged at 26 000g for 30 minutes. The cell lysate was separated by SDS-polyacrylamide gel electrophoresis and then transferred onto an Immobilon membrane (Millipore). The membrane was incubated with antibodies against ephrinB2 (Santa Cruz), CD31 (Pharmingen), Notch1 (BD Bioscience), Notch4 (Millipore), cleaved Notch1 (Cell Signaling Technology), DLL4 (R&D systems), Jagged1 (BD Bio-
Table. Oligonucleotide Primers Used for Gene Expression Analysis by Real-Time PCR
Gene
Forward Primers, 5Ј-3Ј Reverse Primers, 5Ј-3Ј
sciences), and Jagged2 (Santa Cruz) diluted with Can Get Signal immunostain solution (Toyobo), and then exposed to horseradish peroxidase-conjugated secondary antibodies. The conjugated horseradish peroxidase was detected with an ECL Plus Western blotting detection system (GE Healthcare) and scanned with a ChemiDoc XRS scanner (Bio-Rad).
Statistical Analysis
All results are expressed as the meanϮSD. Statistical significance was evaluated by an ANOVA and a Bonferonni adjustment applied to the results of a t test performed with SPSS software (SPSS Inc). A probability value of Ͻ0.01 was regarded as being statistically significant.
Results
Shear Stress Increased EphrinB2 Expression but Decreased EphB4 Expression
ES cell-derived VEGFR2 ϩ cells were exposed to laminar shear stress (5, 10, 15 , and 20 dynes/cm 2 ) for 24 hours and examined for changes in expression of the arterial EC marker ephrinB2. Expression of eprhinB2 protein in the cells exposed to shear stress increased dose-dependently ( Figure 1A) .
Shear stress increased expression of the EC marker CD31, as previously reported, 25 and it also significantly increased expression of ephrinB2 protein in CD31 ϩ cells ( Figure 1B ).
This would seem to indicate that the increase of ephrinB2 protein was attributable to both an increase in number of ephrinB2 ϩ /CD31 ϩ cells and an increase in ephrinB2 expression in individual CD31 ϩ cells. VEGFR2 ϩ cells were exposed to laminar shear stress (10 dynes/cm 2 ) for 24, 48, and 72 hours and examined for changes in the mRNA levels of ephrinB2 and a venous EC marker EphB4. Under static culture conditions, the mRNA levels of ephrinB2 and EphB4 increased with time ( Figure 2A and 2B). When exposed to shear stress, however, the eph-rinB2 mRNA level increased much more than in the static controls, but the EphB4 mRNA level decreased. The eph-rinB2 mRNA level, which had increased in response to 24-hour exposure to shear stress, returned to the control level after 24 hours under static conditions, indicating that the ephrinB2 response to shear stress is reversible ( Figure 2C ).
Notch Signaling Is Involved in the Increase in EphrinB2 Expression by Shear Stress
VEGFR2 ϩ cells were exposed to shear stress (10 dynes/cm 2 ) for 24 hours in the presence or absence of the ␥-secretase inhibitors DAPT and L685 458, which block proteolytic cleavage of Notch, and they were examined for changes in the mRNA levels of ephrinB2 and EphB4. Both DAPT and L685,458 completely abolished the shear stress-induced increase in the EphrinB2 mRNA level, but they had no effect on the decrease in the EphB4 mRNA level ( Figure 2D ). These findings suggested that Notch signaling is involved in the effect of shear stress on ephrinB2 expression, but not in its effect on EphB4 expression.
Shear Stress Increases Expression of Notch Receptors and Ligands
Changes in the expression of Notch receptors and Notch ligands were examined in VEGFR2 ϩ cells exposed to shear stress. The protein levels of Notch 1, Notch 4, DLL4, Jagged 1, and Jagged 2 increased in response to shear stress, and the increases were both dose-and time-dependent ( Figure 3A) . The mRNA levels of these Notch receptors and ligands also increased in response to shear stress, although the temporal profiles of the gene responses differed ( Figure 3B ). It should be noted that Notch 2 and 3, and DLL1 and 3 were not included in this study because their gene expression was extremely low. These findings indicated that shear stress upregulates expression of Notch receptors and ligands at the protein and mRNA levels in VEGFR2 ϩ cells.
Notch Cleavage Occurs in VEGFR2 ؉ ES Cells in Response to Shear Stress
To investigate whether shear stress activates Notch signaling, VEGFR2 ϩ cells were exposed to shear stress (10 dynes/cm 2 ) for 30 minutes, 1 hour, and 4 hours, and the cells were examined for translocation of NICD into the nucleus. Immunofluorescence staining showed marked translocation of NICD into the nucleus of the cells exposed to shear stress for 1 hour or to VEGF ( Figure 4A ), and these findings were confirmed by Western blot analysis ( Figure 4B ). The amount of NICD in the nucleus began to increase as early as 30 minutes after the application of shear stress, and it increased with time. These findings indicated that shear stress induces Notch cleavage in VEGFR2 ϩ cells.
The shear stress-induced Notch cleavage was completely blocked by treating the cells with the ␥-secretase inhibitors L685,458 ( Figure 4A and 4B) and DAPT ( Figure 4B ) and with a recombinant extracellular domain of murine DLL4 (rmDLL4) whose signal peptide had been removed proteolytically ( Figure 4A and 4B), indicating involvement of ␥-secretase and DLL4 in the shear-stress-induced Notch activation.
VEGF Signaling Is Linked to Notch Activation and the Subsequent Increase in EphrinB2 Expression
Because our previous study showed that shear stress induces VEGFR2 phosphorylation in a ligand-independent manner, which, in turn, leads to VEGFR2 ϩ cell differentiation into vascular ECs, 25 we investigated whether VEGF signaling is associated with the shear stress-induced Notch activation and upregulation of ephrinB2 expression. The VEGF receptor kinase inhibitor SU1498 abolished the effect of shear stress on both Notch cleavage ( Figure 4 ) and ephrinB2 expression ( Figure 5B ). Shear stress-induced Notch activation and upregulation of ephrinB2 were also blocked by inhibitors of protein kinase C (PKC), extracellular signal-regulated kinase (ERK), mitogen-activated protein kinase kinase (MAPKK), phospatidylinositol 3-kinase (PI3K), and Akt kinase, but not by c-jun N-terminal kinase (JNK) or p38MAPK. These findings indicate that VEGFR phosphorylation and activation of 2 signaling pathways (ie, the PKC-MAPKK-ERK pathway and PI3K-Akt pathway), both of which are known to be 
Discussion
The present study demonstrated that exposure to shear stress induced an increase in expression of the arterial EC marker ephrinB2 in ES cell-derived VEGFR2 ϩ cells. The effect of shear stress was time-and dose-dependent, and reversible. VEGFR2 ϩ cells are detected within the lateral plate mesoderm of the developing embryo as early as stage E8.0. 28, 29 Because the cells used in the shear stress experiments were VEGFR2 ϩ cells that had been isolated from ES cells and cultured for 3 days, we assumed that the VEGFR2 ϩ cells are around stage E11.0 and that they would have been exposed to shear stress in an early vascular network through which flow begins after the heartbeat starts at stage E9.0. 30 The opposite effect of shear stress on ephrinB2 expression has been reported in mature ECs, such as human umbilical vein ECs (HUVECs) and human coronary artery ECs. 31 Laminar shear stress of 15, 30, and 50 dynes/cm 2 , but not of 1, 5, and 10 dynes/cm 2 , significantly decreased the ephrinB2 mRNA levels in these ECs, and although the exact reason for the discrepancy is unclear, it seems to be attributable to the difference between immature ES cells and mature ECs.
Different gene responses to shear stress by human ES cells and mature ECs have been demonstrated, eg, the mRNA levels of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) have been shown to decrease in response to shear stress in human ES cells, but not in mature ECs, such as HUVECs or human microvascular ECs. 32 The results of our in vitro study suggest that shear stress plays a role in the artery and vein EC specification of ES cells. In vivo, the differentiation of arteries and veins in the chick embryo have been found to be governed by hemodynamic forces, and expression of the arterial marker ephrinB2 has been demonstrated to be controlled by the blood flow. 33 Thus, the results of the present study provide evidence in support of the concept that factors in the local environment such as fluid mechanical forces, as well as the genetic program, play a critical role in artery-vein specification during blood vessel development in the embryo.
The present study demonstrated that shear stress causes activation of Notch signaling in ES cell-derived VEGFR2 ϩ cells. When the cells were exposed to shear stress, the Notch receptor was cleaved as early as 30 minutes after the start of shear stress and its intracellular domain (NICD) translocated into the nucleus. Based on the results of our studies, ligandindependent VEGFR activation in response to shear stress most likely leads to Notch cleavage through VEGFR- . Notch activation in response to shear stress. A, Immunofluorescence photomicrographs of cleaved Notch1 (NICD). Cells were stained with an antibody against NICD (green) and with the cell-nucleus-specific dye DAPI (blue). Translocation of NICD into the nuclei of both the cells exposed to shear stress (10 dynes/cm 2 ) for 1 hour and the cells treated with a maximally effective concentration of VEGF165 (50 ng/mL) is visible in the merged images as light blue areas. The VEGFR kinase inhibitor SU1498 (10 mol/L, Calbiochem), the ␥-secretase inhibitor L685,458 (0.1 mol/L), and recombinant murine DLL4 (rmDLL4, 1 g/mL, R&D Systems) each blocked the shear stress-induced NICD translocation. Experiments were repeated 3 times, and similar results were obtained. B, Western blot of cleaved Notch1 in the nucleus. Shear stress caused NICD to increase in the nucleus in a time-dependent manner. SU1498 (10 mol/L), DAPT (2.5 mol/L), L685 458 (0.1 mol/L), and rmDLL4 (1 g/mL) abolished the NICD translocation that occurred in the cells exposed to shear stress for 1 hour, indicating that VEGFR activation, DLL4, and ␥-secretase are involved in the Notch activation by shear stress. Beta-actin was used as a protein loading control. Data from 6 samples are expressed as meansϮSD. *PϽ0.01 vs the static control. mediated signaling pathways. It is an established fact that Notch cleavage occurs downstream of VEGF signaling, but the mechanisms by which the cleavage occurs remain unclear. Although as yet no evidence has been made available, direct involvement of shear stress in Notch cleavage cannot be ruled out. Shear stress may increase the probability of association between Notch receptors and Notch ligands by acutely increasing their cell surface expression or changing their distribution, or shear stress may cause a conformational change in Notch receptor molecules that increases their affinity for proteases involved in Notch cleavage, including the ADAM family of proteases and ␥-secretase. Shear stress may also promote Notch cleavage by affecting the amount, distribution, and activity of such proteases. Expression of Notch receptors (Notch 1 and Notch 4) and Notch ligands (DLL4, Jagged 1, and Jagged 2) significantly increased at both the mRNA and protein levels in response to shear stress, although the temporal profiles of the responses differed.
Because there was no significant change in Notch protein expression for an hour after the start of shear stress, it is unlikely that the Notch cleavage that occurred as early as 30 minutes after the start of shear stress is attributable to the increase in the expression of Notch receptors and Notch ligands. Recombinant murine DLL4 and ␥-secretase inhibitors (DAPT and L685 458) abolished the shear stress-induced Notch cleavage and also blocked the shear stressinduced increase in ephrinB2 expression, indicating that Notch signaling mediates VEGFR2 ϩ cell differentiation into arterial ECs in response to shear stress. Although this study did not identify the signaling pathway downstream of the NICD translocation that leads to the increase in ephrinB2 expression, involvement of Notch signaling in the regulation of ephrinB2 expression and the determination of arterial identity has been well documented. 34, 35 In our previous study we found that shear stress caused phosphorylation of VEGFR2 (Flk-1) in a ligand-independent manner and that suppression of the shear stress-induced phosphorylation of VEGFR2 by the VEGFR kinase inhibitor SU1498 abolished the induction of VEGFR2 ϩ cell differentiation into vascular ECs by shear stress. 25 In the present study SU1498 was found to block the shear stress-induced Notch cleavage in ES cell-derived VEGFR2 ϩ cells. These findings taken together suggest that VEGFR2 phosphorylation and the subsequent signaling pathways lead to the activation of Notch signaling. Recent studies have shown that exposing cultured mammalian ECs to VEGF results in immediate activation of 2 distinct signaling pathways. 36 One pathway involves activation of PLC␥ and results in activation of PKC, which then triggers ERK/MAPK. The other pathway involves activation of PI3K and is followed by Akt activation. The 2 signaling pathways are thought to govern artery-vein specification through Notch activation in a cross-talk manner. 37 The results obtained by using protein kinase inhibitors suggested that both the PKC-MAPKK-ERK pathway and the PI3K-Akt pathway are involved in the shear stress-induced Notch cleavage and increase in ephrinB2 expression. Based on all of these findings, shear stress appears to have induced differentiation of ES cell-derived VEGFR2 ϩ cells into arterial ECs via the VEGF-Notch signaling pathway. It should be noted, however, that the data obtained by using the inhibitors must be interpreted carefully with their specificity in mind. More recently, it has been shown that some transcription factors function downstream of VEGF signaling and affect Notch activation. Foxc factors, members of the forkhead/Fox transcription factor family, have been shown to activate expression of DLL4 and to play a critical role in linking the VEGF signal to the Notch pathway. 38 Moreover, an orphan nuclear receptor, COUP-TFII (chicken ovalbumin upstream promoter-transcription factor II), has been found to be expressed specifically in venous ECs, and its function is assumed to be to maintain venous identity by repressing Notch signaling. 39 Clarification of these VEGF-Notch signaling pathways would lead to a better understanding of the molecular mechanism by which shear stress regulates arterial-venous differentiation in the embryo. Both the amount of cleaved Notch1 in the nucleus and the ephrinB2 mRNA level increased in response to VEGF165 (50 ng/mL) and to shear stress (10 dynes/cm 2 ). The effects of shear stress were abolished by the PKC inhibitor Ro-31 to 8220 (1 mol/L), the ERK inhibitor PD-98059 (20 mol/L), the MAPKK inhibitor U0126 (10 mol/L), the PI3K inhibitor LY294002 (10 mol/L), and the Akt inhibitor SH-5 (10 mol/L), but not by the JNK inhibitor SP600125 (10 mol/L) or the p38MAPK inhibitor SB203580 (10 mol/L). The VEGF receptor kinase inhibitor SU1498 (10 mol/L) also blocked the shear stress-induced upregulation of ephrinB2 mRNA levels. All of the inhibitors were purchased from Calbiochem. Experiments were repeated 3 times, and similar results of the Western blot analysis were obtained. Data from real-time PCR are meansϮSD of 6 samples. *PϽ0.01 vs the static control.
